We evaluated 51 poly-aluminum chloride (PACl) coagulants to determine the coagulant 26 characteristics that were responsible for effective arsenate removal from contaminated river 27 water by means of experiments involving coagulation, settling, and microfiltration. Some of the 28 high-basicity PACls exhibited high arsenate removal percentages, particularly under alkaline 29 conditions, and we investigated various relevant properties and characteristics of these high- 30 basicity PACls. Effective arsenate removal was correlated with the content of polymeric and 31 colloidal aluminum species (Alb and Alc) in the PACls but was not well correlated with colloid 32 charge or zeta potential. Multiple regression analysis revealed that a portion of Alb and Alc, 33 which reacted with the ferron reagent during the period from 30 min to 3 h, that is, the 34 ( Al 30min−3h ) fraction, had the highest arsenate sorption capacity, followed by a colloidal 35 aluminum fraction (Al >3h , which reacted with ferron at a time of >3 h). The Al 30min−3h fraction 36 was stable, and its arsenate sorption capacity did not decrease markedly with increasing pH. The
Introduction

47
Arsenic, a carcinogenic metalloid, in drinking water sources is usually removed by means of al. 2004 ). The usual cut-off time for Alb is 120 min, but Alb may consist of various polynuclear 247 aluminum complexes with unclear structures; some of the complexes react rapidly with ferron, 248 whereas others react with moderate speed (Batchelor et al. 1986) . Therefore, in this study, we 249 measured absorbances at 0.5, 3, 10, and 30 min and 1, 2, and 3 h, and we then separated the 250 aluminum into three fractions on the basis of various cut-off times (Table 1) .
252
When the main mechanism of arsenate removal is sorption (Mertens et al. 2016, Pallier et al. 253 2010), the following equation holds: PACl formed hydrolytic aluminum species with different sorption capacities for arsenate and 265 that there were no synergetic effects between the species with regard to arsenate sorption. Under 266 these assumptions, the overall sorption capacity of the system is given by the sum of the 267 capacities of all the aluminum species:
where is the arsenate sorption capacity of aluminum species i (µg-As/mg-Al) and is the where 21 is 2 − 1 , and 31 is 3 − 1 .
284
We determined the values of 1 , 21 , and 31 by multiple regression analysis using equation (4). 285 In this analysis, the dependent variable was mass of arsenate removed per mass of coagulant, 286 and the independent variables were the percentages of aluminum fractions 2 and 3 ( 2 and 3 ).
287
The arsenate sorption capacities of the aluminum fractions ( 1 , 2 , and 3 ) were known after the 288 values of 1 , 21 , and 31 were determined. The ultimate objective of the regression analysis 289 was to determine the species that effectively removed arsenate, by comparing the values of 1 , 290 2 , and 3 . Note that the equation obtained by regression analysis may not be useful for Initially, we conducted multiple regression analyses by using data from the first set of 300 coagulation experiments (Table 5S ). Aluminum species were classified into three fractions on 301 the basis of ferron reaction time, as shown in Table 1 . Table 1 also shows the R 2 and p values of 302 regression analysis models obtained with different cut-off times; note that the cut-off times for 303 the various fractions were not always the same. For T1 water at pH 7.5, the largest R 2 values 304 with the p values of the model parameters <0.05 was obtained for models S1-35, S1-36, and S1-305 45, although the R 2 values for these three models did not differ substantially from one another. 306 For T1 water at pH 8.0, models S1-35, S1-36, and S1-46 showed the largest R 2 values; and at pH 307 8.5, models S1-36 and S1-46 showed the largest R 2 values. For K water, correlations with a p 308 value of <0.05 were not obtained, but S1-35 and S1-36 were arguably the best models by virtue 309 of having relatively low p values and high R 2 values. Overall, the experimental data indicate that 310 model S1-36 (for which the cut-off times were 30 min and 3 h) gave the highest corelations. The 311 correlation between the experimental removal percentages and the percentages predicted by 312 model S1-36 is shown in Figure 9S . It should be noted, however, that 3 h was the longest observation time in the ferron assays for 315 the coagulants tested in the first set of experiments; that is, absorbance was not measured after 3 316 h of reaction time. Therefore, a cut-off time of >3 h might have been more appropriate than a 317 cut-off time of 3 h for characterization of arsenate removal. In the ferron assays for the second 318 set of coagulation experiments, absorbance was measured until 7 days, and aluminum species in 319 the PACls were categorized into three fractions according to two cut-off times selected from among the times of 0.5, 3, and 30 min and 1, 2, 3, 6, and 12 h ( predicted by model S2-36 is shown in Figure 10S . In the best model for each of the two sets of coagulation experiments (S1-36 and S2-36, 332 respectively), the aluminum in PACl was separated into three fractions at cut-off times of 30 min 333 and 3 h. Among the three aluminum fractions, the Al 30min−3h fraction (that is, the fraction that 334 reacted with ferron during the period from 30 min to 3 h) showed the largest value, meaning 335 the highest sorption capacity ( Figure 2 ). The arsenate sorption capacity of the Al >3h fraction was 336 the second highest, and that of the Al <30min fraction was the lowest. The Al 30min−3h fraction includes a portion of Alb and a portion of Alc. The e-Al13 polycation is 369 treated as being equivalent to Alb, and Alc includes the δ-Al30 polycation (Chen et al. 2007, Parker and Bertsch 1992) . Therefore, the high arsenate sorption capacity of Al 30min−3h might 371 have been related to the e-Al13 polycation, the δ-Al30 polycation, or both. We evaluated the areas 372 of the e-Al13 and δ-Al30 polycation peaks in the NMR spectra, and correlate the areas with the 373 percentages of aluminum fractions determined by means of ferron analysis.
375
There was a strong correlation between the peak area of the e-Al13 polycation and the percentage 376 of Alb (Al 0.5min−2h ) (R 2 = 0.703, Table 7S ), which is in agreement with previous observations 377 (Parker and Bertsch 1992, Sposito 1995) . However, when the aluminum was separated at 378 different ferron reaction cut-off times, the highest correlation was observed for the percentage of 379 Al 0.5min−1h (R 2 = 0.735, Figure 11S , Table More important is that Al 0.5min−1h was close to and partially overlapping with Al 30min−3h , 389 which was the fraction with the highest arsenate sorption capacity. The correlation between the 390 percentage of the Al 30min−3h fraction and the e-Al13 polycation peak area was low (R 2 = 0.173, 391 Figure 12S , Table 8S ). These results suggest that the e-Al13 polycation may be active for arsenate examined. The percentage of the Al 4−7d fraction showed the best correlation with the δ-Al30 406 polycation peak area (R 2 = 0.182, Figure 13S , Table 8S ), followed by the percentage of the 407 Al 12h−1d fraction (R 2 = 0.140). Even the higher R 2 values were low. However, a plot of the 408 correlation indicates that the PACls with strong δ-Al30 polycation signals had high percentages 409 of Al 4−7d . These PACls did not exhibit high percentages of the Al 30min−3h fraction, which was 410 the most active fraction for arsenate removal (R 2 = -2.23, Figure 14S ). These results suggest that 411 the δ-Al30 polycation was not the most active species for arsenate removal. To verify this 412 possibility, we selected two PACls and compared their arsenate removal percentages: the NMR 413 spectrum of one of the two PACls (PACl-70-6-3) exhibited a small but clear hump for the δ-Al30 414 polycation, whereas the other (PACl-90-1-3) did not have the δ-Al30 polycation hump ( Fig. 4 , 415 uppermost panels). However, the arsenate removal percentage achieved with PACl-70-6-3 was 416 not higher than that achieved with PACl-90-1-3 ( Figure 4 , lowermost panel). Therefore, the δ-
417
Al30 polycation in PACls was not a strongly active species for arsenate removal. are not the only active substances in PACls used for coagulation (Wang and Hsu 1994) . In fact,
428
we did not observe peaks for either the e-Al13 polycation or the δ-Al30 polycation in the NMR 429 spectra of the commercial PACl coagulants, although these are widely accepted as being useful concentration, for example. Clearly, further study is required, but our regression analysis method 444 should be effective for elucidating the aluminum fraction that is effective for arsenate removal. (4) In this study, the PACls that showed the highest arsenate removal percentages were those 466 that had a high proportion of the Al 30min−3h fraction (26%) or those in which the proportion of 467 the Al >3h fraction was >80%. The percentages of Al 30min−3h in the commercially available and 468 commonly used PACls (basicity 50-70%) that were evaluated in this study were low, <10%.
Conclusions
469
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Preparation and characterization of coagulants
Fourteen PACls were prepared for the first set of coagulation experiments (Table 1S ). All the PACls used in this study were given unique designations in which the first number indicates percent basicity, "s" indicates "sulfated," "t" indicates a commercial PACl or a trial PACl product obtained from Taki Chemical Co. (Kakogawa, Japan), and the final number (1) indicates that the coagulant was used in the first set of coagulation experiments. The number in the middle indicate serial number. The PACls obtained from Taki Chemical Co. were produced by dissolving Al(OH)3 solids in hydrochloric and sulfuric acid as described by, for example, (Itoh and Sato, 1995; Sato and Matsuda, 2009 ). The other PACls were prepared in our laboratory by a base titration method described in the literature (Shen and Dempsey, 1998; Yan et al., 2008b; Kimura et al., 2013) . Specifically, PACl-20-1, 30-1, 40-1, 50-1, 60-1, 70-1-1, 70-2-1, and 80-1-1 were prepared as follows. An AlCl3 solution (0.5 M, 80 mL) in a 500-mL Erlenmeyer flask was titrated with 0.3 M NaOH by means of a peristaltic pump at a rate of 4 mL/min to achieve the target basicity. During the titration, a combined hot plate/magnetic stirrer was used to agitate the solution in the flask and maintain the temperature at 85-90 C. The same materials and procedure were used to prepare PACl-90-1-1, except that the solution was heated at 85-90 C for 2 h after the titration. To prepare PACl-70-3-1, we first titrated a 1.5 M AlCl3 solution with 0.9 M NaOH, and then we heated the resulting solution at 85-90 °C for 12 h (Shafran and Perry, 2005) .
Alum was obtained as a solution from Taki Chemical Co. The PACls and alum were used in jar tests immediately after dilution with Milli-Q water (Milli-Q Advantage, Nihon Millipore, Tokyo, Japan). An AlCl3 solution was prepared by dissolving reagent-grade AlCl36H2O (Wako Pure Chemical Industries, Osaka, Japan) in Milli-Q water; this solution was considered as a reference PACl having a basicity of zero (Yan et al., 2008a) .
The 20 coagulants used in the second set of coagulation experiments (Table 2S) were prepared as described above for the first set of experiments, with the following exceptions. PACl-70-4-2 was prepared by titration of a 1.0 M AlCl3 solution with 0.6 M NaOH and heating the resulting solution for 3 h at 85-90 C. For PACl-80-2-2 and 80-3-2, 1.0 M AlCl3 solution were titrated with 0.6 M NaOH, and the resulting solutions were heated for 1 and 2.5 h, respectively, at 85-90 C. For PACl-80-4-2, 0.15 M NaOH and 0.25 M AlCl3 were used in the titration. Sixteen of the 20 coagulants were analyzed by means of 27 Al nuclear magnetic resonance (NMR) spectroscopy.
Another 17 coagulants were prepared for 27 Al NMR analysis and supplemental coagulation experiments (Table 3S ). PACl-70-1-3, 70-4-3, 80-1-3, 80-2-3, and 90-1-3 were prepared by the procedures described for PACl-70-1-1, 70-4-2, 80-1-2, 80-2-2, and 90-1-1, respectively. PACl-80-5-3 was prepared by heating PACl-80-1-3 for 24 h at 85-90 C. PACl-80-6-3 and 80-7-3 were prepared by heating PACl-80-2-3 for 0.5 and 1.5 h, respectively, at 90-95 C. PACl-70-5-3 and 80-8-3 were prepared by titrating 1.5 M AlCl3 with 0.9 M NaOH and heating the resulting solutions at 90-95 C for 24 h. PACl-70-6-3 was prepared by titrating 0.5 M AlCl3 with 0.3 M NaOH and heating the resulting solution for 72 h at 90-95 C. For PACl-90-2-3, 0.15 M NaOH and 0.25 M AlCl3 were used for the titration. PACl-83st-2-3 and 83st-3-3 were prepared by heating a PACl-83st-1-2 solution for 72 h at 90-95 C after dilution with Milli-Q water. PACl-30h-3, 40h-3, and 50h-3 were prepared by dissolving reagent-grade Al(OH)3 (Wako) in HCl solution at 165 C ("h" indicates Al(OH)3 as a raw material).
The distributions of aluminum species in the coagulants were analyzed by means of ferron colorimetry. On the basis of their reaction rates with the ferron reagent (8-hydroxy-7-iodo-5quinoline sulfonic acid; Wako), the aluminum species were classified into three groups: Ala, Alb, and Alc. Ala denotes species that reacted with ferron instantaneously (within 0.5 min). Alb denotes species that reacted during the period from 0.5 min to 2 h. Alc denotes species that did not react by 2h. These three groups are assumed to correspond to monomeric, polymeric, and colloidal aluminum species, respectively (Wang et al., 2004) . Ferron analyses were conducted immediately (1-2 min) after dilution of coagulants with Milli-Q water to 0.1 M (Jia et al., 2004; Wang et al., 2004) . Dilution reportedly has little effect on the ferron speciation distribution of PACls (Wang et al., 2004; Kimura et al., 2013) . For the PACls used in the first set of coagulation experiments, the ferron reagent was added to the diluted coagulant, the mixture was immediately shaken, and then the absorbance at 366 nm was measured in a 1-cm cell (UV-1700, Shimadzu Co., Kyoto, Japan) at 3, 10, 30, 60, and 180 min as well as at the customary times of 0.5 and 120 min. For the PACls used in the second set of coagulation experiments and in the 27 Al NMR analysis, the time period for the absorbance measurement was extended to 7 days: that is, absorbances were measured at 0.5, 1, 3, and 30 min; 1, 2, 3, 6, and 12 h; and 1, 2, 4, and 7 days. Between measurements, the mixtures of ferron and coagulant were kept at 20 C in the dark. trimeric species, the e-Al13 polycation, and the -Al30 polycation (Gao et al., 2005; Chen et al., 2006; Chen et al., 2007) . For NMR analysis, deuterium oxide (75% v/v, Wako) was added to the diluted coagulant, and the resulting solution was placed in a 5-mm NMR tube. A 3-mm coaxial capillary filled with a diluted solution of sodium aluminate (Wako) was further diluted with Milli-Q water to 0.01 M-Al, and then deuterium oxide (75% v/v) was added. The coaxial capillary was used as an internal standard for Al content and as the deuterium lock. NMR spectra were measured at 70 °C with a JEOL JNM-ECA 600 spectrometer (JEOL, Tokyo, Japan) by means of a single-pulse method (field strength 14.09 T, resonance frequency 156.39 MHz, pulse width 5.0 s, repetition time 1.13 s, number of scans 8000, X-sweep 78.25 kHz). The reference chemical shift (0 ppm) was adjusted with AlCl3 solution (0.1 M-Al) mixed with deuterium oxide (75% v/v) prepared by the procedure described above.
The charge densities of the aluminum species in the coagulants were determined with a colloid titrator (Hiranuma Sangyo Co., Ibaraki, Japan). Diluted coagulant solution (150 mL, 1-2 mg-Al/L) was transferred to a titration vessel. After 0.1% (v/v) toluidine blue (0.3 mL, Wako) was added as an indicator, the solution was titrated with 1 mN potassium polyvinyl sulfate (Wako) at a rate of 10 mL/min by means of a pump. The contents of the vessel were magnetically stirred during the titration, and the absorbance at a wavelength of 630 nm was recorded continuously until there was little change in the absorbance. The charge was determined from the amount of potassium polyvinyl sulfate solution that corresponded to the half-height of the descending slope of the absorbance curve.
The zeta potentials of aluminum hydrolysis products were determined with an electrophoretic light-scattering spectrophotometer (Zetasizer Nano ZS, 532-nm green laser, Malvern Instruments, Malvern, Worcestershire, UK) at 25 °C and at a 17° measurement angle. Milli-Q water was buffered with NaHCO3 to give the equivalent of 20 mg-CaCO3/L of alkalinity (buffered Milli-Q water). The buffered Milli-Q water was supplemented with 200-nm latex microparticles (Micromer plain, Corefront Corp., Tokyo, Japan) at 0.1 mg/L. After a predetermined volume of 0.1 N HCl or 0.1 N NaOH was added to bring the final coagulation pH to the target value, a coagulant was injected into the water sample. The mixture was stirred rapidly for 1 min (G = 190 s -1 , 136 rpm) and then sampled. The electrophoretic mobility of aluminum hydrolysis products containing latex particles was measured to determine the zeta potential. The addition of latex particles enabled the detection of the aluminum hydrolysis products; the co-existing latex particles did not affect the zeta potential values, which indicates that the zeta potentials measured were those of aluminum hydrolysis products alone, with no influence from the zeta potential of latex.
Selection of membrane filter
Removal of arsenic by means of coagulation in jar tests is usually assessed in terms of the arsenic concentration measured after the coagulated/settled water is filtered through a membrane filter; whereas in actual conventional water treatment plants, arsenic removal is assessed after coagulation, settling and sand filtration. Membrane filters with a pore size of 0.1-0.45 m have traditionally been used to separate soluble materials. However, the concentrations of metals in filtrates may be decreased when smaller-pore-size filters are used (Kennedy et al., 1974; Wagemann and Brunskill, 1975; Hydes and Liss, 1977) . Therefore, removal of arsenic species by coagulation might have been affected by the pore size of the membrane filter used for the separation process. Therefore, in this study, we evaluated the effect of membrane pore size and membrane material on the arsenate concentration in the filtrate by comparing the arsenate concentration after jar tests with that after sand filtration conducted at a full-scale water treatment plant, as described below.
Water samplings were conducted primarily at the Moiwa Water Treatment Plant (Sapporo, Japan), where drinking water is produced by coagulation by PACl, settling, chlorination, and rapid sand filtration. Details of the procedure are described elsewhere . Water that had been subjected to coagulation and settling was sampled, and the sample was immediately filtered through the membrane filters. Water that had been treated by rapid sand filtration was also sampled, 15 minutes (the detention time of the rapid sand filtration process) after the coagulated-and-settled water was sampled. The arsenate concentrations in the samples were analyzed. The results are shown in Figure 1S . Arsenate concentrations were more or less the same regardless of membrane pore size and material, although the PTFE (polytetrafluoroethylene) membrane with a pore size a 0.45 m showed slightly higher arsenate concentration than the 0.1-m membrane. Because the arsenate concentrations in the filtrates obtained with the 0.45-m PTFE membrane showed the strongest correlation to the concentrations in filtrates from sand filtration, we used mainly 0.45-m PTFE membranes in the jar tests. Figure 2S . As concentration after coagulation, settling, and microfiltration for five PACls (T1 water [see water designations in Table 4S ], initial As concentration = 15.8 g/L, coagulant dose = 0.98 mg-Al/L). Figure 3S . As concentration after coagulation, settling, and microfiltration for nine PACls (T1 water [see water designations in Table 4S ], initial As concentration = 15.8 g/L, coagulant dose = 0.98 mg-Al/L) Figure 4S . Residual turbidity, dissolved organic carbon (DOC), and ultraviolet absorbance (260 nm) observed after coagulation and settling under experimental conditions matching those described for Figure 2S . Figure 5S . Residual turbidity, dissolved organic carbon (DOC), and ultraviolet absorbance (260 nm) observed after coagulation and settling under experimental conditions matching those described for Figure 3S . Figure 6S . As concentration after coagulation, settling, and microfiltration for 70%-basicity PACls (T1 water [see designations in Table 4S ], initial As concentration = 15.8 g/L, coagulant dose = 0.98 mg-Al/L). Figure 7S . Residual turbidity, dissolved organic carbon (DOC), and ultraviolet absorbance (260 nm) observed after coagulation and settling under experimental conditions matching those described for Figure 6S . PACl-70st-1 Figure 8S . As concentration after coagulation, settling, and microfiltration for 50%-basicity PACls (T1 water [see designations in Table 4S ], initial As concentration = 15.8 g/L, coagulant dose = 0.98 mg-Al/L). Figure 11S . Correlation between the relative 27 Al NMR peak area for the e-Al13 polycation (the peak areas are relative to the area for an internal standard) and .
(the percentage of Al .
fraction, that is, the fraction that reacted with ferron during the period from 0.5 min to 1 h). The R 2 values were determined from 1 -SSreg/SStot, where SSreg is the sum of squares of the residuals around the regression line with an intercept of 0, and SStot is the sum of squares of the residuals around a horizontal line representing the mean absorbance value for this dataset (Motulsky and Christopoulos, 2004) . Figure 12S . Correlation between the relative 27 Al NMR peak area for the e-Al13 polycation (the peak areas are relative to the area for an internal standard) and
(the percentage of Al fraction, that is, the fraction that reacted with ferron during the period from 30 min to 3 h). The R 2 values were determined from 1 -SSreg/SStot, where SSreg is the sum of squares of the residuals around the regression line with an intercept of 0, and SStot is the sum of squares of the residuals around a horizontal line representing the mean absorbance value for this dataset (Motulsky and Christopoulos, 2004) . Figure 13S . Correlation between the relative 27 Al NMR peak area for the -Al30 polycation (the peak areas are relative to the area for an internal standard) and (the percentage of Al fraction, that is, the fraction that reacted with ferron during the period from 4 to 7 days). The R 2 values were determined from 1 -SSreg/SStot, where SSreg is the sum of squares of the residuals around the regression line with an intercept of 0, and SStot is the sum of squares of the residuals around a horizontal line representing the mean absorbance value for this dataset (Motulsky and Christopoulos, 2004) . Figure 14S . Correlation between the relative 27 Al NMR peak area for the -Al30 polycation (the peak areas are relative to the area for an internal standard) and
(the percentage of Al fraction, that is, the fraction that reacted with ferron during the period from 30 min to 3 h). The R 2 values were determined from 1 -SSreg/SStot, where SSreg is the sum of squares of the residuals around the regression line with an intercept of 0, and SStot is the sum of squares of the residuals around a horizontal line representing the mean absorbance value for this dataset (Motulsky and Christopoulos, 2004) . Abbreviations: NM, not measured; Ala, Al species that reacted instantaneously with ferron (within 0.5 min); Alb, Al species that reacted during the period from 0.5 min to 2 h; Alc, species that did not react by 2h. Table 7S . Coefficient of determination (R 2 ) values for correlations between the relative 27 Al NMR peak area for the e-Al13 polycation and the percentage of the aluminum fraction that reacted with ferron during the period from time t1 to time t2. The R 2 values were determined from 1 -SSreg/SStot, where SSreg is the sum of squares of the residuals around the regression line with an intercept of 0, and SStot is the sum of squares of the residuals around a horizontal line representing the mean absorbance value for this dataset (Motulsky and Christopoulos, 2004) . 3 h -1 . 6 7 6 -1 . 3 7 3 -1 . 2 9 7 -1 . 3 5 3 -1 . 4 9 4 -1 . 5 1 2 2 h -1 . 4 5 8 -2 . 0 2 8 -1 . 5 9 9 -1 . 4 3 5 -1 . 4 4 3 -1 . 5 6 0 -1 . 5 6 7 1 h -0 . 2 7 5 -1 . 0 5 4 -2 . 4 2 9 -2 . 2 6 8 - Table 8S . Coefficient of determination (R 2 ) values for correlation between the relative 27 Al NMR peak area for the -Al30 polycation and the percentage of the aluminum fraction that reacted with ferron during the period from time t1 to time t2. The R 2 values were determined from 1 -SSreg/SStot, where SSreg is the sum of squares of the residuals around the regression line with an intercept of 0, and SStot is the sum of squares of the residuals around a horizontal line representing the mean absorbance value for this dataset (Motulsky and Christopoulos, 2004) . 
